Polycomb group (PcG) proteins regulate and maintain expression pattern of genes set early during development. Although originally isolated as regulators of homeotic genes, PcG members play a key role in epigenetic mechanisms that maintain the expression state of a large number of genes. All members of the two polycomb repressive complexes (PRC1 and PRC2) are conserved during evolution and while invertebrates generally have one gene for each of these, vertebrates have multiple homologues of them. It remains unclear, however, if different vertebrate PcG homologues have distinct or overlapping functions. We have identified and compared the sequence of PcG homologues in various organisms to analyze similarities and differences that shaped the evolutionary history of these proteins. Comparative analysis of the sequences led to the identification of several novel and signature motifs in the vertebrate homologues of these proteins, which can be directly used to pick respective homologues. Our analysis shows that PcG is an ancient gene group dating back to pre-bilaterian origin that has not only been conserved but also expanded during the evolution of complexity. The presence of unique motifs in each paralogue and its conservation for more than 500 Ma indicates their functional relevance and probable unique role. Although this does not rule out completely any overlapping function, our finding that these homologues only minimally overlap in their nuclear localization suggests that each PcG homologue has distinct function. We further propose distinct complex formation by the PcG members. Taken together, our studies suggest nonredundant and specific role of multiple homologues of PcG proteins in vertebrates and indicate major expansion event preceded by emergence of vertebrates that contributed as enhanced epigenetic resource to the evolution of complexity.
Introduction
A complex network of signaling, maternally deposited RNA and proteins, and a cascade of regulatory events set the expression pattern of genes early during development to affect the process of embryogenesis. Expression pattern of hox genes, which determine the anteriorposterior body axis of the embryo, is also set by a number of early expressing genes. Once the pattern of expression is set, however, a completely different set of factors kicks in to maintain this pattern. For instance, the combination and level of expression of hox genes determine the identity of a cell, and this identity is preserved for normal development. Polycomb group (PcG) and trithorax group (trxG) of genes contribute to the repressive and active states, respectively.
In Drosophila, PcG proteins are associated with H3K27Me3 and trxG mediated activation is associated with H3K4Me3 mark (Simon and Tamkun, 2002) . PcG proteins function as multi-protein complexes, polycomb repressive complexes 1 and 2 (PRC1 and PRC2). PRC2 mainly consists of ESC, E(Z), CAF1 and SUZ12 (Kuzmichev et al., 2002; Tie et al., 2001) , in which, E(Z) contains the SET domain which has enzymatic activity of tri-methylation of H3K27 (Cao and Zhang, 2004) . The methylation mark set by PRC2 is subsequently recognized by PRC1 to establish and maintain the repressed state. PRC1 consists of PC, PSC, PH and SCE (Shao et al., 1999) . The chromodomain of PC binds to H3K27me3 marks (Fischle et al., 2003) . Furthermore, in fly, glycosylation of PH is shown to be essential for the PcG mediated repression (Gambetta et al., 2009 ) and, likewise, SCE is involved in ubiquitylation of H2A (Wang et al., 2004) , which brings additional functionality to the polycomb system.
The PcG and trxG proteins have been best characterized in Drosophila. In vertebrates, multiple homologues of these proteins have been identified, which reflects the enhanced complexity of the PcG system (Fig. 1) . Though the vertebrate homologues of PRC1 members were identified based on sequence homology, the functional roles of the multiple homologues are poorly understood. The Drosophila Psc has a paralogue, Su(z)2, while vertebrates have six paralogues, viz., Pcgf1, Pcgf2, Pcgf3, Pcgf4, Pcgf5 and Pcgf6. Among them, Pcgf2 (Mel-18) and Pcgf4 (Bmi1), homologues of fly Psc and Su(z)2, respectively, are better studied. Though the Mel18 and Bmi1 deficient mice exhibit almost similar posterior transformation and axial skeletal defects (Akasaka et al., 1996; van der Lugt et al., 1994) , cerebellum abnormality in Bmi1 mutant and intestinal obstruction in Mel18 mutant (Akasaka et al., 1996) are among their distinct phenotypes. Similarly, Drosophila Sce, a.k.a. dRing, has two homologues, Ring1A and Ring1B in vertebrates, and mutants of these genes in mice exhibit distinct phenotypes. Mice lacking one copy of Ring1A exhibit homeotic transformations and skeletal defects (del Mar Lorente et al., 2000; Voncken et al., 2003) , while different Ring1B mutant mice show gastrulation defects, posterior transformation of axio skeleton (Suzuki et al., 2002) , and die at E10.5 (Voncken et al., 2003) This indicates a non-redundant function for the Ring1A and Ring1B paralogues in mice. Ph, a core PRC1 member, is duplicated in fly and is known as Ph-proximal (Ph-p) and Ph-distal (Ph-d). In vertebrates, Ph has 3 homologues, Phc1, Phc2 and Phc3. Phc1 and Phc2 mutant mice show similar skeletal defects and both interact with the same set of PcG members (Isono et al., 2005; Takihara et al., 1997) , although several phenotypic defects are not identical for the two paralogues (Isono et al., 2005) . The best studied member of PcG, Pc, has at least five paralogues Cbx2, Cbx4, Cbx6, Cbx7 and Cbx8 in vertebrates. It has been shown that Cbx2 deficient mice have defective cellular proliferation and severe homeotic transformation, viz., defective skeleton, limb and sternal malformations, and lethality within six weeks (Core et al., 1997) . In a different study, a truncated Cbx2 showed male to female sex reversals (Katoh-Fukui et al., 1998) . Our earlier study indicated that each polycomb paralogue has its own signature motif and has diverged early during the course of evolution (Senthilkumar and Mishra, 2009) . Taken together, these observations indicate the presence of multiple PRC1 in vertebrates.
Specialized role for different paralogues of PcG members in vertebrates is also indicated by a number of studies. CBX4 interacts with SUV39H1 histone lysine methyl transferase, and the SET domain of SUV39H1 is essential for the localization of CBX4 on H3K9 methylation mark (Sewalt et al., 2002) , and mouse CBX8 interacts with a transcriptional activator AF9 while CBX2 does not interact with these proteins (Hemenway et al., 2001 ). C-terminal binding protein (CTBP) is a transcriptional repressor that binds specifically to CBX4 but not CBX2 (Sewalt et al., 1999) . SUMOylation is essential for CBX4 mediated repression, where it functions as E3 SUMO ligase and is involved in SUMOylation of CTBP, SIP1, HIPK2, CTCF and DNMT3A (Li et al., 2007; Long et al., 2005; MacPherson et al., 2009; Roscic et al., 2006) . DeSUMOylation activity of CENP2 establishes the removal of CBX4 and subsequent de-repression of the locus. Cenp2 null mutant shows accumulation of SUMOylated CBX4 at Gata4 and Gata6 loci leading to their repression (Kang et al., 2010) . The SUMO mediated regulation is specifically seen in CBX4. In addition, previous studies have shown that various CBX paralogues show differential association with chromatin, and their nuclear localization changes with differentiation (Ren et al., 2008; Vincenz and Kerppola, 2008) . These findings point to diversification and conservation of distinct functions of expanded polycomb system.
In the present study, we analyzed the homologues of vertebrate counterparts of PRC1 and PRC2 genes and identified sequence motifs unique to different homologues that were acquired early during vertebrate evolution and have been conserved. We also show that different paralogues are functionally distinct as they tend to localize in nonoverlapping manner in the nucleus. These observations suggest the crucial role of epigenetic regulators in the evolution of complexity.
Results
Polycomb system consists two major kinds of complexes, PRC1 and PRC2. Pc is one of the components of PRC1 (Fig. 1) . In an earlier study, we identified and compared homologues of Pc gene across the species that led to the identification of novel motifs unique to each homologue (Senthilkumar and Mishra, 2009) . Multiple Pc homologues of vertebrates (Cbx2, 4, 6, 7 and 8) are identifiable with specific motifs conserved from fish to mammals. Here we present a study on comparative sequence analysis of the core members of the two complexes, PRC1 and PRC2, in vertebrate genomes to study the expansion of the epigenetic tool kit of PcG system.
Expansion of PRC1 members in vertebrates
The major constituents of PRC1, in addition to Pc, are Ph-p/Ph-d, Psc/ Su(z)2, and Sce (a.k.a. RING1) (Supplementary Table 1 ). As indicated in Fig. 1 , all members of the PRC1 have expanded during vertebrate evolution, and 2-6 homologues of each gene are present in vertebrates. Sequence comparison of different homologues of each one of these showed the number of novel motifs that are paralogue specific and, therefore, can be treated as their signature motifs (Fig. 2, Supplementary  Table 2 ).
Comparison of sequence features and phylogenetic trees constructed from homologues of each PRC1 member shows that each homologue always clusters with the corresponding member of other species from fish to mammals (Fig. 3) . This strongly suggests that features acquired by each homologue appeared early during evolution, in the common ancestor of all vertebrates, and have been conserved due to essential functional features of these proteins. It is also indicative of distinct function of each paralogue.
Polyhomeotic
Ph locus of Drosophila encodes two Ph proteins -Ph-d and Ph-p (polyhomeotic distal and proximal, respectively) (Hodgson et al., 1997) . Ph-p and Ph-d contain several common domains: SAM, FCS-type zinc finger (Znf), and homology domain 1 (HD1) that are also conserved in vertebrate homologues of Ph. In addition, Drosophila homologues also contain an alpha-helix, a serine/threonine (S/T) rich domain and multiple stretches of glutamine residues which suggests their common role (Dura et al., 1987) . There are three homologues of Ph in vertebrates, PHC1, PHC2 and PHC3 that contain SAM, Znf and HD1 features (Fig. 2B) . While the function of HD1 remains unknown, SAM domains have been shown to homo-and hetero-oligomerize, whereas FCS-type Znf can bind RNA in sequence independent manner. Several features distinguish vertebrate Ph proteins from their insect counterparts, which is indicative of acquired additional functionalities. The S/T rich motif of invertebrate that is present between SAM and Znf motifs is expanded to two S/T rich motifs in vertebrate homologues located at their N-termini. It has been shown that glycosylation of the S/T rich domain is important for the function of Ph in Drosophila (Gambetta et al., 2009) . One of the mammalian Ph orthologues, PHC3, was also shown to be a target of glycosylation, whereas glycosylation status of PHC1 and PHC2 remains unknown (Chalkley et al., 2009; Sinclair et al., 2009 ). PHC1 and PHC2 have also acquired a conserved coil between their Znf and SAM motifs. This coil is replaced by a helixturn-helix motif in PHC3. Another PHC1 specific motif is detected next to HD1. These features provide uniqueness to each vertebrate homologue and the clustering of these homologues with the corresponding member across the vertebrates (Fig. 3A) points to an essential and unique property of each paralogue.
Posterior sex combs
The Su(z)2 locus of Drosophila has two divergently transcribed genes, Psc and Su(z)2 (Wu and Howe, 1995) . Both Psc and Su(z)2 are large proteins (1603 and 1365 amino acids, respectively), and share a homologous N-terminus region of N200 aa that consists of two conserved domains: RING domain and a helix-turn-helix (HTH) domain. RING domains are implied in enzymatic action of ubiquitin ligases whereas HTH domain is thought to mediate DNA binding. The C-terminus of these proteins is implicated in the inhibition of chromatin remodeling (King et al., 2005) . Psc has gone through maximum expansion among the members of polycomb system, with six homologues, PCGF1-6, present in vertebrates. All invertebrate and vertebrate members show conservation of the RING and HTH domains. The vertebrate homologues are, however, significantly different from the invertebrate Psc. All the PCGF homologues are 4-5 times smaller compared to Psc. There are six clearly identifiable motifs that are present in unique permutation-combinations in different vertebrate homologues (Fig. 2C, Supplementary Table 2 ). This also makes these proteins unique with distinct architecture. This is further substantiated by their clustering with respective homologues in vertebrates (Fig. 3B ).
Sex combs extra
In Drosophila, Sce is the catalytic subunit of PRC1 having a histone H2A ubiquitin ligase activity. RING domain at the N-terminus of Sce is implicated in this catalytic activity. Homology domain 1 (HD1) at the C-terminus has been implicated in histone binding. Vertebrates have two Sce homologues, RING1 and RING2, having RING and HD1 motifs at their respective ends. In addition to the two motifs, additional short homology domains, termed HD2 and HD3, are present in vertebrate homologues. The middle part of RING1 and RING2, however, is unique and contains distinct motifs (Fig. 2D , Supplementary Table 2), which makes them cluster with their respective paralogues across vertebrate species sequence analysis study (Fig. 3C ).
PRC2 members in vertebrates and plants
PRC2 consists of four core members, enhancer of zeste (E(z)), extra sex combs (Esc), chromatin assembly factor 1 (Caf1) and suppressor of zeste (Su(z)12). Unlike members of PRC1, the members of PRC2 have expanded relatively less during evolution (Fig. 1) . Also, the domains and length of the proteins have remained similar across the species. Interestingly, counterparts of PRC2 members are also present in plants and they show relatively greater degree of expansion (Fig. 4 ) (Mozgova and Hennig, 2015) . At least three different PRC2 complexes are present in Arabidopsis, characterized by the presence of three Su(z)12 homologues (Chanvivattana et al., 2004; Gendall et al., 2001; Luo et al., 1999; Yoshida et al., 2001) . Only two members of PRC2, E(z) and Caf1, have expanded in vertebrates. Comparison of their sequence across the species showed, as in the case of PRC1 members, Fig. 3 . Phylogenetic trees of core PRC1 members. Trees are constructed using UPGMA method based on protein sequences of PRC1 paralogues from both invertebrate and vertebrate species. The sequences were bootstrapped 1000 times to improve the reliability of the tree. The value of bootstrap consensus is shown at the branches. All paralogues are colored differently to improve distinction. Sequences are named by the paralogue followed by species name.
that there is a clear clustering of each homologue from different species (Fig. 5 ). This indicates acquisition of unique features early during vertebrate evolution and retention thereof later. This also suggests unique role of different members of the expanded family of this group.
Enhancer of zeste
E(z) is the catalytic component of PRC2, catalyzing the di-and tri-methylation of H3K27. Drosophila E(z) contains a SANT domain, SET domain, a short SANT domain containing motif, and a coil-turn-coil (CXC) motif. SANT domains allow proteins to interact with histone tails, whereas SET domain catalyzes methylation of lysine in histones. There are two vertebrate homologues of Ez, EZH1 and EZH2 with all the domains of invertebrates conserved. In addition to these, a vertebrate specific domain sets apart EZH1 and EZH2 from the invertebrate Ez. This domain allows the interaction between the two homologues. In Arabidopsis, there are three distinct homologues, viz., SWN, CLF and MEA, which share all the conserved domains ( Fig. 4A) . At the Ntermini, all the plant homologues have a conserved domain implicated in the interaction with FIE, the Esc counterpart in plants (Mozgova and Hennig, 2015) . Both SWN and CLF share another conserved domain in their middle regions, which is important for their interaction with VRN2/EMF2/FIS2, the counterparts of Su(z)12 in plants (Chanvivattana et al., 2004) . Sequence comparison of various Ez homologues shows clustering of respective homologues, indicating early acquisition of functionally important features by different members (Fig. 5A ).
Extra sex combs
Esc is considered to contribute to the enzymatic activity of E(z) (Schuettengruber and Cavalli, 2009 ) by preserving the structural integrity of the PRC2, as suggested by the presence of multiple tandem WD40 repeats that are conserved from plants to mammals (Fig. 4B ). In addition, Esc helps Ez in recognition of methyl-lysine on histones, and is known to interact with PRC1 (Margueron et al., 2009 ). WD40 or beta-transducin repeat is a 40 aa motif that typically occurs as tandem repeats, and often terminates with a tryptophan-aspartic acid (W-D) dipeptide. The tandem repeats of WD40 are known to form a circular beta-propeller structure, and WD40 containing proteins are implied in coordination of multi-protein complexes, assemblies, and proteinprotein interactions (Stirnimann et al., 2010) . As depicted in Fig. 4B , each protein has 6 tandem repeats of WD40. FIE, the Esc counterpart in Arabidopsis, is shorter in size, and lacks a short 35 aa conserved domain present at the N-terminus of fly and vertebrate homologue.
Chromatin assembly factor 1
Caf1 is structurally similar to Esc, with 6 tandem WD40 repeats (Fig. 4C) , and is believed to perform function similar to that of Esc. While present in most species, its requirement for a functional PRC2 complex varies among species. For example, the homologues of Caf1 are essential in Caenorhabditis elegans and Arabidopsis (Hennig et al., 2003; Kohler et al., 2003a; Patel et al., 2012) , but are dispensable in Neurospora and Drosophila (Jamieson et al., 2013; Schmitges et al., 2011) . Vertebrates have two paralogues of Caf1, Rbpp4 and Rbpp7. Structurally, Caf1 appears to be the most conserved member of PRC2, both in terms of domains, their spacers, and total length. In addition to WD40 tandem repeats, all homologues share a 70 aa helix at their N-termini, which facilitates its binding to histones. As shown in Fig. 5B , clustering of respective homologues across the species reflects their unique and conserved features.
Suppressor of zeste 12
Su(z)12 is important for the stability of PRC2 and the catalytic activity of E(z) (Di Croce and Helin, 2013; Pasini et al., 2004) . The fly Su(z)12 contains a VEFS domain at its C-terminus and a Znf motif before that (Fig. 4D, Supplementary Table 2 ). The VEFS domain of Suz12 is shown to associate with the second SANT domain of Ezh2 (Ciferri et al., 2012) . The vertebrate Su(z)12 is very similar in structure to the Fig. 5 . Phylogenetic trees of Ez and Caf1. Trees are constructed using UPGMA method based on protein sequences of PRC2 members from plant, invertebrate, and vertebrate species. The sequences were bootstrapped 1000 times to improve the reliability of the tree. The value of bootstrap consensus is shown at the branches. All paralogues are colored differently to improve distinction. Sequences are named by the protein followed by species name.
invertebrate counterpart with both the VEFS and Znf being well conserved. However, there is a conserved 55 aa stretch present exclusively in the vertebrate Su(z)12. In plants, as many as three homologues of Su(z)12 are present, referred to as EMF2, VRN2 and FIS2 in Arabidopsis. All the three homologues contain the conserved VEFS and Znf motifs (Fig. 4D) . However, it has been shown that the VEFS of each protein shows specific interaction with a different Esc counterpart: EMF2 and VRN2 can interchangeably bind to CLF and SWN (Chanvivattana et al., 2004; De Lucia et al., 2008; Derkacheva et al., 2013) , while FIS2 exclusively interacts with MEA (Chanvivattana et al., 2004; Kohler et al., 2003b) . The distance between the Znf and VEFS is different in FIS2 compared to EMF2 and VRN2 while that in EMF2 and VRN2 is similar to what is observed in their animal counterparts. A long serine-rich RPT domain separates the Znf and VEFS in FIS2. This might be contributing to the specificity observed in their interaction with the Esc counterparts.
Distinct nuclear localization pattern of vertebrate homologues of Pc
Comparison of primary sequence reveals that PRC members that have expanded during evolution have gained unique motifs that remain conserved. This raises the question whether multiple homologues participate in distinct functional complexes, working at specific target loci in the nucleus or are they interchangeable. To address this, we studied the nuclear localization pattern of the polycomb homologues by expressing the FLAG-tagged Cbx paralogues in HEK293T (Fig. 6) . We also generated GFP-tagged clones of Cbx and analyzed their localization pattern in HEK293T cells ( Supplementary Fig. 1 ). Similar nuclear localization pattern was seen for both FLAG and GFP tagged proteins ( Fig. 6 and Supplementary Fig. 1 ) ruling out any influence of the tags used. We observed a distinct nuclear distribution pattern for each Pc homologue. CBX2 is localized more towards the nuclear periphery where the majority of inactive domains of the genome are localized. CBX4 formed large polycomb bodies distributed across the nucleus. Though it is not a quantitative observation, we found relatively less number of CBX4 foci compared to CBX6, CBX7 and CBX8. This indicates a specialized role of Cbx4 in genome regulation. CBX6, CBX7 and CBX8 formed very fine polycomb bodies distributed across the nucleus. Like CBX2, CBX8 is also distributed more towards the nuclear periphery.
The FLAG and GFP tagged versions of the homologues were cotransfected and immuno-stained to study the nuclear co-localization pattern of Cbx proteins (Fig. 7, and Supplementary Figs. 2-6 ). The distinct polycomb bodies formed by CBX4 co-localize with CBX2 (Supplementary Figs. 2 and 3) although CBX2 showed more predominant localization towards the nuclear periphery. CBX2 and CBX4 did not colocalize with CBX6, CBX7 or CBX8. We found co-localization between CBX7 and CBX6 in certain proportion of the foci. CBX6, CBX7 and CBX8 localize to the DNA-poor nucleolus region, unlike CBX2 and CBX4. Taken together, we found a distinct nuclear pattern for the polycomb homologues, which indicates the functional diversity among the homologues.
2.3.1. PcR box, not the chromodomain, is responsible for the distinct nuclear localization of mouse homologues of Pc
The chromodomain was swapped between Cbx4 and Cbx2 to ask if this domain is important in localizing the protein. Similarly, the chromodomain was swapped between Cbx6 and Cbx4 and four hybrid constructs (Cbx4chromodomain-Cbx2ΔChromodomain, Cbx2Chromodomain-Cbx4ΔChromodomain, Cbx4Chromodomain-Cbx6 ΔChromodomain and Cbx6Chromodomain-Cbx4ΔChromodomain) were expressed for co-localization analysis in HEK293T cells. CBX4 has a very unique localization pattern, forming large polycomb bodies spread across the nucleus while CBX2 localizes more towards the nuclear periphery (Fig. 6) . Swapping the chromodomain between these two proteins did not alter the localization pattern of the fusion proteins. The Cbx2ChromodomainCbx4ΔChromodomain protein formed large polycomb bodies characteristic of CBX4. Likewise, the localization pattern of Cbx4Chromodomain-Cbx2ΔChromodomain was more similar to that of CBX2 which localized to the inactive compartments of the nucleus (Fig. 8) .
CBX6 forms number of small polycomb bodies spread across the nucleus. After swapping the chromodomain between CBX4 and CBX6 we found that Cbx6Chromodomain-Cbx4ΔChromodomain protein showed the distribution pattern similar to that of CBX4 while Cbx4Chromodomain-Cbx6ΔChromodomain showed dispersed localization similar to that of CBX6 (Fig. 9) .
The PcR box is the only other uniquely conserved domain found in all the polycomb homologues. Since we did not find any significant role for the chromodomain in localization of the proteins to distinct compartments, we further characterized which domain is essential for the proper localization of the protein. To address this, we generated deletion constructs of Cbx4 covering the N-terminal and C-terminal ends of the protein. The Cbx4 lacking chromodomain (Cbx4ΔChr) and Cbx4 lacking PcR box (Cbx4ΔPcR) were FLAG-tagged and expressed in HEK293T cells (Fig. 10) . While deletion of chromodomain had the least influence on the nuclear distribution pattern of Cbx4, deletion of PcR domain completely destroys the pattern. In addition, we also generated a Cbx4 chromodomain with AT-hook like (ATHL) motif tagged with GFP and found that it localized uniformly both in the cytoplasm and nucleus ( Supplementary Fig. 7 ).
Vertebrate homologues participate in distinct complexes
The vertebrate homologue localization studies indicated that each homologue has its own nuclear localization pattern. However, a transient interaction or only an interaction on selected loci cannot be ruled out from these observations. To investigate this aspect, we used a mammalian two-hybrid interaction assay. Mouse paralogues were cloned in both bait and prey vectors. This enabled us to assay different combinations of interactions among the mouse Cbx paralogues (Supplementary Fig. 8 ). In this study we found 127 fold increases in the luciferase activity for the interaction between the known interactors MyoD and Id compared to the empty vectors. The assay for the interaction between the mouse Cbx paralogues with each other did not show any increase in the luciferase activity compared to the empty vector controls. The assay provided more conclusive evidence that Cbx paralogues do not interact with each other and, probably, participate in distinct complexes.
Indications of distinct PRC1 involved in various cellular functions
Our localization and mammalian-two hybrid studies indicated that various paralogues of Cbx form distinct foci, hinting that they may be performing diverse functions in a cell. To address this possibility, we used protein-protein interaction data available in public domain to assess whether various functions of PRC1 paralogues can be extrapolated based on their specific interaction with proteins belonging to a functional category. We pulled out all known and experimentally validated protein-protein interactions for each PRC member from IntAct, and categorized the interacting protein based on their cellular function. We observed that while proteins belonging to some categories interact with almost all paralogues of PRC1 members, proteins belonging to other categories interact with very specific PRC1 members. For example, almost all PRC1 members interact with proteins involved in DNA/ histone binding, ubiquitinylation, and transcription (Fig. 11A) , while proteins involved in development preferentially interact with CBX6, PCGF6, PHC1 and PHC2. Histone demethylases preferentially interact with CBX2, CBX4, CBX8, PCGF1, PCGF4 and PHC2. As previously reported (Gao et al., 2012 ), PCGF4 appears to be the paralogue involved in most functions followed by PCGF2 and PCGF6, whereas the remaining PCGF paralogues are involved in at most two different functions. In the case of CBX paralogues, CBX8 interacts with proteins belonging to most functional categories, followed by CBX4 and CBX6. PHC1 and PHC2 are involved in almost all categories, while PHC3 interacts only with proteins involved in cell cycle. Surprisingly, though previously reported to be an integral part of every functional PRC1 complex (Gao et al., 2012) , we do not observe RING1/2 interacting with proteins of all categories. This might be because RING1/2 interact with other members of the PRC1 complex, and may not be interacting with other proteins directly in all cases.
A similar analysis performed on PRC2 members revealed much less functional diversity compared to PRC1 members (Fig. 11B) . The interaction partners of PRC2 members mainly belonged to four functional groups; transcription regulation, epigenetic modulation, cell cycle, and DNA damage. All of the PRC2 members have shown interaction with proteins belonging to each functional category, indicating that the PRC2 complex is more static and less flexible compared to PRC1. Out of the two Ez homologues, EZH2 appears to be the more active protein.
On the other hand, both homologues of Caf1 (RBBP4 and RBBP7) appear to be interacting with equal number of proteins from all functional categories.
These findings support the hypothesis that several distinct PRC1 exist that interact with proteins of various cellular functions, and target them to promoters of specific genes to achieve their downstream regulation. However, PRC2 appears to show less variation and presumably does not have a similar diversity of interaction.
Discussion
Evolution of vertebrates is known to be preceded by two events of genome duplication. Following the two duplication events, however, extensive loss of duplicated genes took place to the extent that the number of genes is not very different between invertebrates and vertebrates. In spite of this massive loss of genes, some duplicated paralogues have been retained. Among them are clusters of hox genes (Hox complexes) and the polycomb group of genes. Most vertebrates have four Hox clusters that presented more possibilities of variation along the body axis. Retention of PcG members points to expansion of epigenetic toolkit that is the key regulator of Hox clusters as well as large number of other genes.
The expansion of polycomb homologues in the vertebrate system contributes to enhanced complexity of regulation of gene expression. Our earlier bioinformatics study indicates that the expanded homologues diverged during the course of evolution and acquired unique signature motifs that may be the key factors for the diverged functions of these homologues in the vertebrates (Senthilkumar and Mishra, 2009) . In this study we examined all PRC1 and PRC2 members for their expansion and conservation. Like Pc, homologues of other PRC1 members show expansion and conservation of multiple paralogues of each invertebrate member in vertebrates (Fig. 2) . Furthermore, we also observe unique motifs associated with most paralogues which, probably, are the factors that cluster together the paralogues from distant vertebrates (Figs. 3) . These observations strongly support the idea that multiple types of PRC1 exist for specific roles in a variety of nuclear processes. We used experimentally validated protein-protein interaction data to test this hypothesis. As seen in Fig. 11A , components of PRC1 interact with proteins involved in different cellular functions. Putative versions of PRC1 based on this observation are shown in Fig. 12 . Several of these functions of PRC1 have been reported earlier (Gao et al., 2012; Morey and Helin, 2010) , while further studies are required to verify the remaining putative functions. These findings raise the possibility that there may be other functions carried out by PRC1, which are yet to be discovered. Interestingly, we also notice some interactions with proteins involved in functions such as heat shock response, rRNA processing, and lysine acetylation, in which only one of the PRC1 components is involved. This may reflect the independent function of these components outside the context of PRC1. Similarly, PRC2 or its components have been reported to be involved in a variety of cellular processes, including cell adhesion/migration, actin polymerization, cell signaling, etc. (Baude et al., 2014; Gunawan et al., 2015; Su et al., 2005) .
To further investigate their distinct roles and to rule out the functional redundancy of multiple homologues, we tested cellular localization of Cbx homologues of Drosophila Pc, the better-studied PRC1 member. Cbx paralogues showed distinct nuclear localization pattern (Fig. 6 ). These findings suggest that each Cbx homologue has unique sets of target loci in the genome that occupy distinct nuclear compartments and, therefore, have non-overlapping function. This view is further supported by our findings that different Cbx paralogues show no or minimal co-localization and do not interact with one another when tested in mammalian two-hybrid system. Our observation is also supported by a recent study which showed that CBX7 and CBX8 do not participate in the same complex (Maertens et al., 2009) . Similar observation was also made for the PSC homologues BMI1 and MEL18. In immune-precipitation assay, BMI1 and MEL18 were shown to interact with the majority of Pc homologues (Maertens et al., 2009 ). Taken together, these findings indicate that different homologues of PRC1 members in vertebrates participate in distinct complexes and provide means of a more complex regulatory system. We next asked which molecular feature takes different Cbx homologues to distinct nuclear locations. Though the chromodomain is found in all Pc homologues, it shows paralogue specific conservation pattern (Senthilkumar and Mishra, 2009) . Chromodomain is also present in several nuclear proteins, and recognizes specific histone modifications. For example, polycomb, heterochromatin protein 1, ESA1-associated factor 3 and chromo-ATPase/helicase-DNA binding domain protein 1 recognize methylation marks on H3K27, H3K9, H3K36 and H3K4, respectively (Fischle et al., 2003; Joshi and Struhl, 2005; Pray-Grant et al., 2005) . Since PRC1 is recruited to target loci to interact with the H3K27 methylation mark set by PRC2, and it is the chromodomain that binds to this epigenetic modification, we tested if distinct nuclear localization patterns of Cbx homologues are through their chromodomains. We swapped the chromodomains of CBX4 and CBX2 and that of CBX4 and CBX6. Surprisingly, chromodomain swapping between the mouse paralogues did not alter the localization pattern of the proteins. We also find that Cbx4 constructs having only the chromodomain fused to GFP localize both in the nucleus and cytoplasm whereas the localization pattern of the CBX4 protein lacking chromodomain shows a pattern similar to that of the full length protein.
On the contrary, CBX4 protein lacking its PcR box loses its nuclear localization pattern. This indicates that the PcR box of the given Cbx protein determines its distinct nuclear localization pattern.
Our results indicate that Cbx proteins are components of distinct PRC1 and their PcR domain is used to localize the complexes at specific nuclear/genomic locations. The histone tail modification must be present at these genomic regions for the respective chromodomains to interact with them. This asks for two independent mechanisms to reach distinct localization of PRC1 -first is marking of genomic loci by PRC2 that senses the functional state of the locus and mechanism that connects recruitment of specific PRC1 by the PcR domain of its CBX partner to these loci where chromodomain reads/binds the epigenetic mark -H3K27me3.
Our analysis shows that like Pc, other PRC1 as well as PRC2 members that have expanded during vertebrate evolution have homologue specific motifs acquired prior to the emergence of vertebrates. Retention of these motifs in respective homologues supports their unique and essential functions. Adding these features to the findings we made on various vertebrate CBX members reflects the enormity of PRC1 and PRC2 variations, and the sophistication of epigenetic regulation linked to distinct nuclear functions. In plants, while PRC2 is prominently present, the PRC1 has not been demonstrated. While homologs of Psc and Sce have been reported in Arabidopsis (Supplementary Table 1 ) (Sanchez-Pulido et al., 2008; Xu and Shen, 2008; Yang et al., 2013) , there is no report of a Pc homologue in plants. Interestingly though, like heterochromatin protein 1 (LHP1), a chromodomain containing protein, which lacks the PcR box, binds to H3K27me3 mark and immune-precipitates with PRC2 (Derkacheva et al., 2013; Turck et al., 2007; Zhang et al., 2007) . This and the absence of PRC1 indicate that the mechanism involving these epigenetic regulators may have diverged significantly in plants.
Compared to PRC1, the writers or the initial sensors of expression state, PRC2, are relatively less expanded and show more static nature. This leads to the idea that similar epigenetic modifications, set by PRC2, may be interpreted differently or may be recognized in a differential manner, taking clue from entirely different factors. These factors may be additional epigenetic modifications, histone variants, sequence specific DNA binding proteins in the vicinity, or some other unknown factors. It could also be specific features of nuclear architecture associated with target loci, or non-coding RNAs, as some components of PRC1 contain RNA binding motifs. Clearly, more studies are needed to understand these complex regulatory mechanisms that evolved in parallel to the evolution of complexity and have, perhaps, contributed to the system by opening new means of regulatory mechanisms.
Experimental procedures

Sequence retrieval
The protein sequences of all known PRC members in various annotated proteomes were retrieved from NCBI (http://ncbi.nlm.nih.gov).
Motif prediction and secondary structure analysis
Conserved domains of various orthologs and paralogues of PRC members were identified using MEME (multiple em for motif elicitation) (Bailey et al., 2009) . MEME uses expectation maximization algorithm to identify motifs with best width in a set of DNA or protein sequences. A set of protein sequences for each PRC member was submitted to MEME in FASTA format, with minimum expected motif width of 8 aa and a maximum width of 100 aa. The program was run in zoops (zero or one motif per sequence) mode to ensure that unique motifs are also discovered. The secondary structure of conserved domains was predicted using PSIPRED (Buchan et al., 2013) . PSIPRED uses a neural network to predict the secondary structure based on the PSIBLAST result of the given sequence.
Multiple sequence alignment and phylogenetic analysis
Multiple sequence alignment was done using ClustalW (Larkin et al., 2007) . Phylogenetic trees were constructed using MEGA (Tamura et al., 2013) . The sequences were boot-strapped 1000 times to check the chance for occurrence of each internal branch of the tree. This is helpful to understand the reliability of the tree.
Identification of interacting partners
The interaction partners of PRC1 members were retrieved from IntAct, an open source database for molecular interaction data (Orchard et al., 2014) . All interactions in IntAct are derived from literature curation or direct user submission, and are tagged with the approach they were identified. To improve the reliability of the data, only experimentally validated interactions were considered. In addition, interaction of any PRC1 member with another PRC1 member was ignored. The interaction partners were grouped into functional categories using their Gene Ontology terms. A Perl script was written to score for the interaction of each PRC1 member with members of each functional category, and the scores were visualized using Circos (Krzywinski et al., 2009 ). The same approach was followed for all PRC2 members.
Cloning of the polycomb homologues
The mouse full length mouse cDNA clones of Cbx2, Cbx4, Cbx6, Cbx7 and Cbx8 were obtained from Open Biosystem. The NCBI accession IDs for the clones of Cbx2, Cbx4, Cbx6, Cbx7 and Cbx8 are BC035199, BC117801, BC048240, BC021398 and BC014815, respectively. The cDNA clones were amplified with the forward primers flanked by HindIII site for all Cbx and the reverse primers were flanked with XhoI site for Cbx2, Cbx4, Cbx6 and Cbx7 while Cbx8 was flanked with SalI site. The amplified products were cloned in to pCMV-FLAG-2A mammalian expression vector. Since the Cbx7 clone obtained was the smaller size isoform with 158 amino acid lengths, the larger version of the cDNA was generated by overlapping PCR. This has three exons where exon1 and exon3 were amplified from the cDNA clone and exon2 was amplified from the mouse genomic DNA obtained from mouse SV129 strain. The pCMV-FLAG tagged clones of Cbx2, Cbx4, Cbx6 and Cbx7 were digested by NotI and XhoI and Cbx8 was digested by NotI and SalI. This digestion released the cDNA of mouse homologues tagged with FLAG. The cDNAs of the mouse Pc homologues were cloned into pEGFP-C3 vector. For mammalian two hybrid assay the FLAG tagged cDNA of Cbx2, Cbx4, Cbx6 and Cbx7 were taken and cloned into pACT and pBIND vectors. The primers used in this study are listed in the Supplementary Table 3 . The proper expression of the clones were confirmed by harvesting the transiently transfected cells lysate with the western blot analysis ( Supplementary Figs. 9-12 ).
Cell culture and transfection
HEK293 cells (human embryonic kidney epithelial cells) were cultured in DMEM with 10% FBS. All media were reconstituted with antibiotics (50 μg/ml penicillin and 60 μg/ml streptomycin) and supplemented with L-glutamine (200 mM). Cells were cultured and passaged under standard recommended conditions. The cells were transfected using Lipofectamine or Effectene under the manufacturer's protocol.
Immunostaining and imaging
The cells plated on cover slips were fixed in 1% formaldehyde (Sigma) for 45-60 min and permeabilized in PBS + 0.2% Triton X-100 for 15 min. The cells were incubated with blocking buffer for 1 h (1 × PBS, 10% FCS, 0.2% Triton X-100). The primary antibodies were diluted in blocking buffer and the cells were incubated with the primary antibody for an hour. The cover slips were washed thrice with PBS + 0.2% Triton X-100. The secondary antibodies were diluted in 1 × PBS with 0.2% Triton X-100 and incubated on the cover slip for 45 min. The cells were washed thrice with 0.2% Triton X-100 in 1 × PBS and mounted on DAPI containing mounting medium. The imaging was done using Leica confocal microscopy and the images were processed using Leica image analysis software. The antibodies used in the study are listed in the Supplementary Table 4.
Mammalian two hybrid assay
The assay was performed using the Checkmate Mammalian Two-hybrid System supplied by Promega. The cells were transfected with the pACT and pBIND vectors carrying the Cbx homologues (500 μg/ml concentration each) along with the pG5luc vector carrying luciferase gene. The cells were co-transfected (40 μg/ml) along with β-galactosidase control vector (7 μg/ml) to normalize transfection efficiency. After 48 h of transfection, the assay was performed according to the manufacturer's protocol. 
